

What to look for 
when selecting a 
standard electronic enclosure. 

Challenger Commercial Duty 
Modular Electronic Cabinets 



All welded construction-14 gauge 'ransveree 
members are welded to side frame weldments 
minimizing twist, sway or deflection. 9 heights, t 
widths and 4 depths. 

Universal side panels— Can be securely fastened 
from the inside of cabinet to prevent tampenng, or 
easily removed externally when ease of access is 
most important. 

• Mar-proof panel mounting screws can be removed 

• All drawers, "PuftOuf shelves and sliding chassis 
shelves provided with ball-bearing extension slides 
for smoothness and long life. 
Recessible panel mounting angles— punched or 
tapped universal E.I A hole spacing (in 1%" 
increments). Four supplied with each rack. Zinc 
plated per Fed. Spec. QQ-Z-325 Type II, Class 3. 
Interchangeable doors— doors are easily removed. 
Face mounting to frame allows recess mounting of 
equipment. Positive door latching ensures UL and 
OSH A acceptance. Tints and special effect viewing 
areas available upon application to factory. Gasket- 

ing available to make doors dust tight 



Base can have optional casters, levelers, anti-tip 

legs, and duplex outlets; or can be removed for 
installation of heavy duty caster truck. 

Available in a variety of modular configuratio 





Additional modular enclosure and 
cabinet system literature 
available at no charge. 

We also offer Heavy-Duty Cabinets, EMI/RFI Cabinets, Solid 
Sysfem ^ nets; Quiptron* Computer Furniture, Instmment 
Cabinets, Modular Electronic Desk System lines, and for 
those who can't wait, Express 5 Day Service. 



The Challenger System of Modular Electronic i Cabinets | 
pe*aps the most versatile line of standard cabine s offered ■ 
Sdaylts economy and size selection offers you ta**»a« ■ 

competitive price. It also meets our ngid Equipto Electronics| 
quality standards. 

Select from a variety of vertical rack and sloped console <tfX<* 

multitude of accessories-fans, ^"^2*^3 
available. Eight standard colors-nc-charge for special cow™ 

For details and free catalogs, call or ^^S^St' 
Corporation, 351 Woodlawn Avenue, Aurora, IL 60506-9S»°| 
Phone:(312)897-4691. 

Committed To Quality Since 1960 




© Equipto Etoc*ronp»Cotpon*ton 1S»6 



We deliver the best-faster 
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Basic program eases 

analysis of 
phase-locked loops 




3030 MOVE 0,0 C T=.05 
3040 FOR 1=0 TO 8 STEP T 
3050 B1=T*E0+E1 
3060 B2=T*E1+E2 
3070 E3=T*E2+E3 

3080 E0=-(2»W*E1)-2*W*W*E2-W*W*W*E3+V0 
3090 DRAW X,E0 
3100 NEXT X 
3110 END 



Analyzing second- and third-order phase- 
locked loops yourself can be a tedious and 
time-consuming task. Using a Basic pro- 
gram, you can employ a small computer to 
perform all the necessary tasks much faster. 



Ron Rippy, Durham, NC 

Relying on a Basic program and a computer, you can 
model a third-order tracking filter (or phase-locked 
loop) with a linear phase detector and plot the error 
response E to a phase step of 1 rad (Ref 1). A similar 
approach allows you to analyze PLLs (second- and 
third-order) with sine-wave phase detectors and com- 
pare the two types of loops. You can study the two 
loops' error response to frequency and acceleration 
steps as well as to high-level random noise and sine- 
wave inputs, all of which can drive a loop into the 
nonlinear phase region of the phase detector. 

Fig 1 shows a block diagram of a phase-locked loop 
along with the Basic program that allows you to calcu- 
late and plot E for a third-order loop. (For a detailed 
description of phase-locked loops, see box, "Phase- 
locked loops provide coherent traclring.") The second- 
order loop's phase response is expressed by the second- 
order equation in Fig 1. This loop is a high-gain type 
(Ref 2), whereas the third-order loop is a Wiener loop 
optimized for minimum phase error when the input is a 
frequency ramp. 



Fig I— Depending on whether your PLL is a second- or third-order 
loop, phase response is expressed by either a second- or third-order 
equation. The Basic listing solves the third-order equation. ' 
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The second-order loop doesn't lock when 
subjected to a 1-radlsec 2 acceleration step, 
I its acceleration pull-out step size. 



To change from a linear to a sine-wave phase detec- 
tor, you simply replace E on line 3050 of the program 
with sin(Eo). Thus, E„ equals sin(V -V r ) rather than 
simply Vo-V r , as shown in Fig 1. To change V„ to an n 
rad/sec frequency step, or an n rad/sec 2 acceleration 
step, you enter n*X or n'X*X/2, respectively, for V„ on 
line 3080. To change Vo to an n radian peak sine wave, 
you enter n*SIN(W*X) in place of Vo. 

Fig 2 illustrates the second- and third-order loops 
error response to unity-phase, frequency, and accelera- 
tion steps. (Ed Note: For all figures, the second- and 
third-order plots are shown as dashed and solid lines, 
respectively.) Note that when the second-order loop is 
subjected to a 1-rad/sec 2 acceleration step (the accelera- 
tion pull-out (APO) step size), it doesn't lock. It will 
lock for a.0.9-rad/se<r acceleration step, but it will have 
approximately a 1.1-rad steady-state phase error. On 
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Fig 2— Plotting the PLLs' phase error resulting from unity-phase 
(P), frequency (F). and acceleration (A) steps shows that the 
third-order loop can track a unity acceleration step, but the second- 
order loop cannot. - — . 



Phase-locked loops provide coherent trac king 



A phase-locked loop, or PLL, is 
a circuit that locks the frequency 
of one oscillator to that of a sec- 
ond oscillator. In Fig Aa, the 
master oscillator's phase is Vo, 
and the slave voltage-controlled 
oscillator (VCO), which locks to 
and follows the frequency of Vo, 
has a phase of Vf. 

The phase detector subtracts 
V F from Vo to produce a voltage 
Eo that's proportional to the 
phase difference (error) between 
the two oscillators. After ampli- 
fication and filtering, E feeds 
back to the VCO, forcing a fre- 
quency change that reduces (or 
totally eliminates, in some loops) 
the phase error. To realize a 
lock condition, the steady-state 
frequency (but not the phase) 
error must be 0. 

The loop filter prevents high- 
frequency noise and modulation 
on Vo from reaching the VCO. 
This filtering ensures that the 
VCO will follow only slow 
changes in the frequency of V,. 



MASTER 
OSCILLATOR 



PHASE 
DETECTOR 



-O E.-V.-V, (FOR SMALL 
ERRORS ONLY) 



AMPLIFIER AND 
LOWPASS FILTER 



E.-V.-V, IS, CLOSED. 
LINEAR DETECTOR) 
O E,-SIN(V.-V,) (S, OPEN. 

SINE-WAVE DETECTOR) 




(b) 



Flo A— In a basic PLL (a), any iieturbance in V„ (the phase mmpfromi the mast* t 
osliLtor) produce, an error I. u,kich force. V, (the Vh^'rampfromOus^ 
osciUator) tomatch and cancel V„ In the conceptual dmromtb), the 
Zi> closed for small (Us* than I rod) phase disturbance* m V. and open for largsrz 
ditturbance*. . . "jl 
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the other hand, the third-order loop, with its additional 
integrator, is able to reduce the steady-state error to 0. 

Youll find that as you try increasingly larger phase 
steps, both loops unlock at 3.2 rad, but remain in lock at 
3. 1 rad (Fig 3). Lock loss occurs at 3.2 rad (just over 
3.14 rad, actually) because the sine-wave phase detec- 
tor sends the wrong polarity voltage to the loop filter 
when the error exceeds it rad. The wrong polarity 
voltage causes the phase error to increase rather than 
decrease. 

In Fig 4, <i>PO (the frequency pull-out that causes loss 
of lock) occurs at 3.1 rad/sec in the second-order loop 
and 4.7 rad/sec in the third-order loop. The values 
correspond to a normalized loop frequency of 1 rad/sec. 
Fig 5 shows that APO equals 1 rad/sec 2 for the second- 
order loop, and 3 rad/sec 2 for the third-order loop. JPO 
(the phase-jerk pull-out, or linearly increasing accelera- 
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Fig 3 — Neither loop remains locked for phase steps above i.l rad. 
The sine-wave detector forces both loops to relock at 2n rad— behavior 
referred to as cycle slipping. 



The phase detector provides 
an output proportional to 
sinfVo— Vf). For small phase er- 
rors, smCVo-VpHVo-Vr, and 
the output is linearly proportion- 
al to the phase error. For large 
errors like those that occur 
when the loop is about to lose 
lock, however, the output traces 
a sine wave. 

The error voltage peaks at 
ir/2; it then decreases even 
though the error continues to in- 
•ase. This behavior is a result 
of the slope reversal of the sine 
wave above ir/2 and is a source 
of instability in the loop. In fact, 
the loop may make the error 
larger rather than smaller. 

The loop will not necessarily 
lose lock just because the error 
exceeds -rr/2. The shape and du- 
ration of the error waveform 
also come into play. For exam- 
ple, a phase step won't cause 
loss of lock until it exceeds ir 
rad. Fortunately, once the error 
progresses a full 2tt rad, the 



slope of the sine wave is again 
correct, and the loop may re- 
lock. The loop tendency to un- 
lock and then relock in 2tt red is 

' called cycle slipping. 

t Fig Ab separates the phase 
detector into linear and nonline- 
ar components and shows the 
loop consisting of three integra- ' 
tors. The first two integrators 
following the detector constitute 



one that can withstand the 
greater disturbance and remain 
in lock is considered superior. 

Fig A lists four disturbances — 
phase step (P), frequency step 
(F), acceleration step (A), and 
jerk step (J) — that are popular 
for testing loops. Each succes- 
sive disturbance is an integral of 
the previous one, and you 
stitute each one for V> on line 
the filter, and the third integra- 3080 of the Basic program, 
tor is the VCO. The VCO is a In general, a loop with only 

perfect integrator because a one integrator (the VCO) will 

phase step in the oscillator track phase disturbances having 

causes a perpetual phase ramp first-order or lower curvature , 
(frequency step) in the output. (such as P and F). A loop with 

Assuming the loop is locked two integrators will track distur- 
initially, both V and Vf are bances having second-order or 



identical steady-state phase 
ramps that cancel in the phase 
detector and leave no phase 
error. This quiescent condition 
poses no problem, of course. 
What is important is what hap- 
pens to Eo when a disturbance 
takes place in Vo. If two loops 
have identical bandwidth, the 



lower curvature (eg, P, F, and 
A). This tracking performance is 
only possible if the disturbance 
is slow enough to pass through 
the loop filter and has a duration 
that's short enough to prevent 
the phase excursions from satu- 
rating amplifiers or other compo- 
nents in the loop. 



' '_ ' 
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If an exact trajectory is important as a loop 
begins to lose lock, you should, keep the sam- 
pling step size at 0.01 sec max. 




Fig 4 — Until cycle dipping begins, the third-order loop can with- 
stand a larger frequency step than the second-order loop. 




Fig S — The second-order loop can track an acceleration step of 0.9 
rad/sec/, but has a 1.1-rad phase error. In contrast,- the third-order 
loop can track at. 9 radlsec 1 step with a phase error of rod. 

tion, that causes loss of lock) measures 1 rad/sec 3 for the 
third-order loop, and less than 0.05 rad/sec 1 for the 
second-order loop (Fig 6). Evidently, the second-order 
loop won't remain-, locked for any finite value of jerk 
input. 

As far as accuracy is concerned, the sampling inter- 
val for the numerical integration process (T on line 3030 
of the program) is 0.05 sec. If you reduce this interval 
to 0.01 sec, you'll wind up with the solid curve beside 
the 1 rad/sec 2 dashed curve in Fig 5. Reducing the 
interval even further (to 0.005 sec, for example) fails to 
change the curve — there's no noticeable improvement 
in accuracy. 

At a 0.05-sec sampling rate, the error is low where 
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Fig 6— The second-order loop is incapable of tracking any finite 
value of jerk. The third-order loop will track a 0.9-radlsec 1 jerk step, 
but has a phase error of 1.1 rod. 

the curves have a small or moderate slope, but it 
increases (to 0.5 rad or more) in regions where the 
curves have a steep slope. If it's important to have an 
exact trajectory as a loop begins to lose lock, then you 
should use a sampling step size no larger than 0.01 sec. 

The set of curves in Fig 7 reflects the third-order 
loop's performance for a series of acceleration steps in 
the 2.9- to 3.04-rad/sec 2 range— just above and below 
the value that'll lead to lock loss. As the curves illus- 
trate, the loop responds first by locking properly but 
then begins to slip cycles; it loses lock and then relocks 
in 6.28-rad increments. 

To this point, the results seem to indicate that the 
third-order loop outperforms the second-order loop. At 
the very least, the third-order loop accommodates 
larger frequency and acceleration steps before it loses 
lock. 

Nevertheless, it isn't apparent how the two loops 
compare when noise is present. Fortunately, you can 
set up a comparison easily. You just make V a pseudo- 
random waveform that varies from -3 to +3 rad p-p, 
an input that makes Eo very noisy. You then make a plot 
of Vr, thereby taking advantage of the loop filter's 
quieting effect. The loop noise bandwidth equals 0.530o> 
for the second-order loop and %ai for the third-order 
loop. To equalize the noise level in both loops, u should 
equal 1 for the second-order loop and 0.636 for the 
third-order loop. 

The test for both loops uses the same five seed values 
for the random-noise generator. Fig 8 shows that the 
third-order loop loses lock five out of five times, where- 
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Fig 7— Multiple cycle slips occur in the third-order loop for 

acceleration steps above S rad/sec 1 . The slope of each phase curve is 
equal to the frequency difference between the master and slave 
oscillators. 



as the second-order loop loses lock just three out of five 
times. To make the performance of both loops virtually 
identical, you must reduce <o in the third-order loop to 
0.500. This reduction yields a noise bandwidth of 
H 0.509=0.424 rad/sec. The third-order loop shows 
about a 1-dB degradation in noise performance for 
these conditions. 

Comparing stability of both loops 

It's important to compare the stability of both loops. 
The third-order loop has the potential for becoming 
unstable: It has one more integrator, and hence more 
loop phase shift than the second-order loop. If no 
software is available to make a Bode plot, you can use a 
large sine wave (at the loop's natural frequency) for V 
as an experiment. Fig 9 shows error-voltage test 
results when V equals 1.5-sin(l-X). As the curves 
illustrate, Eo continuously increases in the third-order 
loop until it loses lock. It takes more than 2 rad to cause 
a lock loss in the second-order loop. This data indicates 
that the third-order loop is probably more unstable 
than the second-order loop. 

Table 1 provides a summary of the results of the 
analyses. The third-order loop withstands larger fre- 
quency, acceleration, and jerk steps before losing lock. 
On the negative side, however, large sustained signals 
— such as sine waves and noise — cause the third-order 
loop to lose lock earlier than the second-order loop. The 
third-order loop's increased phase shift is probably a 
contributing factor. 

However, you can't overlook the sine-wave detector 







































f 


















J 














\ 2 

— 1. 


















S %. 2 


■ x 













10 15 
TIME (SEC) 



Fig 8 — At high noise levels, the third-order loop tends to lose lock 
before the second-order loop. 




Fig 9— The error voltage in the third-order loop increases until lock 
is lost when V„isa 1.5-rad sine wave. Although the second-order loop 
looks stable, it loses lock when V„ is increased to 2.1 rad. 

as a problem source because no indication of instability 
exists when you model either loop with a linear phase 
detector. Unfortunately, once the phase-shift error 
exceeds ir/2 rad, sin(Eo) begins to decrease as E 
continues to increase. A smaller sin(Eo) will reduce the 
value of V F . Since E =Vo-V r , E will continue to 
increase and further decrease the value of sin(Eo). 
Evidently, the sine-wave detector seems to cause posi- 
tive feedback. 

To illustrate this effect, Fig 10a plots various param- 
eters in the second-order loop when V =2.1sin(1.0-X). 
The arrow indicates approximately where the sequence 
of events noted above begins to take place. Fig 10b 
shows the same measurements for a second-order loop 
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Results show that the third-order loop can 
withstand greater frequency and accelera- 
tion steps before losing lock. 



TABLE 1— SUMMARY OF SECOND- VS 


THIRD-ORDER LOOPS WITH SINE- 


WAVE PHASE DETECTORS 




•t ' 
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TEST 


SECOND ORDER THIRD ORDER 


PPO(RAD) 


au 3.14 


JPO (RAD/SEC) 


ai 4j 


APO (RAD/SEC 2 ) 


10 10 


_ i JPO (BAD/SEC 2 ) 


>0 1.0 


NOISE (3.0 RAO) 


THIRD-ORDER LOOP LOSES LOCK 




BEFORE SECOND-ORDER LOOP. 




ABOUT 1-dB DIFFERENCE IN 




PERFORMANCE. 


SINE WAVE (15 RAD) 


THIRD-ORDER LOOP LOSES LOCK. 




SECOND-ORDER LOOP LOSES 




LOCK AT 2.1 RAD. 
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that employs a linear detector. 

For perfect error correction, Vp should be a mirror 
image of V . Unfortunately, phase and amplitude errors 
preclude this perfection. It appears that the amplitude 
error contribution from the sine-wave detector adds to 
the loop filter's phase error to cause the instabilities 
observed in these analyses. EDN 
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Article Interest Quotient (Circle One) 
High 473 Medium 474 Low 475 




Fig tO — The feedback from the tine-wave detector is positive once 
E e exceeds ir/2 rod. As a result, E„ increases rather than decreases 
(a). Substituting a linear detector (b) for the sine-wave detector 
results in no evidence of instability. 
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Look at What Lundy & Design Graphix 
Are Doing to PC-Based CADD. 



Generate a design on the Lundy 
3000 workstation and then compare 
it to a PC-based system. The dif- 
ferences may well amaze you. 
Lundy 3000 displays your work with 
a resolution that's simply unattain- 
able with PC-based systems. 



ideal for those who can benefit from 
a graphics system but are reluctant 
to invest the large sums of money 
required for advanced systems. 



The sharpness and clarity of the 
Lundy 3000 permit very detailed, 
high quality design with less strain 
on your engineers. This results in 
overall productivity increases for you 
and your design staff. Lundy 3000 is 

DESIGN GRAPHIX" Is a woemark of 
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Makes PC's Look Like Toys 

When packaged with ESC's Design 
Graphix™ software, Lundy 3000 
becomes an advanced, low cost 
CADD system with a level of respon- 
siveness that can make PC-based 
systems look like toys. The flexible, 
high performance capabilities of 
Lundy 3000 make it very hard to 
grow out of. And that's a serious 

Systems Corporation, Baton Rouge. Louisiana. 

CIRCLE NO 93 



consideration when purchasing a 
graphics system. 

So if you're looking for a graphics 
system that's low in cost yet high on 
performance, look to the Lundy 
3000 and see how inexpensive 
quality graphics design can be. 
Contact: Graphics Marketing 
Lundy Electronics & Systems, Inc. 
One Robert Lane, Glen Head, 
N.Y. 11545. (516) 671-9000. 



LUNDY 



